In toad hopping, the hindlimbs generate the propulsive force for take-off while the forelimbs resist the impact forces associated with landing. Preparing to perform a safe landing, in which impact forces are managed appropriately, likely involves the integration of multiple types of sensory feedback. In toads, vestibular and/or proprioceptive feedback is critical for coordinated landing; however, the role of vision remains unclear. To clarify this, we compare pre-landing forelimb muscle activation patterns before and after removing vision. Specifically, we recorded EMG activity from two antagonistic forelimb muscles, the anconeus and coracoradialis, which demonstrate distance-dependent onset timing and recruitment intensity, respectively. Toads were first recorded hopping normally and then again after their optic nerves were severed to remove visual feedback. When blind, toads exhibited hop kinematics and pre-landing muscle activity similar to when sighted. However, distance-dependent relationships for muscle activity patterns were more variable, if present at all. This study demonstrates that blind toads are still able to perform coordinated landings, reinforcing the importance of proprioceptive and/or vestibular feedback during hopping. But the increased variability in distance-dependent activity patterns indicates that vision is more responsible for fine-tuning the motor control strategy for landing.
Introduction
Hops of varying length require forces of varying magnitude to be generated at take-off, and if landing is to be controlled, require similarly variable forces to be safely resisted upon impact [1] . A safe, coordinated landing involves both proper positioning of landing limbs and establishing sufficient stiffness in underlying antagonistic muscles at the stabilizing joints prior to ground contact [1] . Together, these allow for rapid deceleration of the body and protection of the muscle tendon units involved as energy is absorbed and dissipated after impact [1, 2] .
To adjust appropriately for varying landing forces, accurately anticipating them via sensory feedback seems critical. In mammals, vestibular, proprioceptive and visual feedback work together and inform each other to allow for accurate predictions of landing forces, but may be relied on to varying degrees depending on the availability of feedback and/or on an animal's life stage [3] [4] [5] [6] [7] [8] . Several studies demonstrate the ability of adult mammals to safely land without vision, suggesting a greater reliance on vestibular and proprioceptive feedback [3, 9, 10] .
To better understand how widespread this anticipatory response might be among well-known vertebrate jumpers, recent work has focused on landing in the cane toad, Rhinella marina. The cane toad, like the mammals studied to date, demonstrates preparation for impact in certain muscles within the landing limbs by tuning pre-landing muscle activity, such that: (i) the onset timing of pre-landing activity in muscles spanning the stabilizing joints is coordinated & 2018 The Author(s) Published by the Royal Society. All rights reserved.
with the time of landing, not take-off (i.e. muscle activity begins later in longer hops), and (ii) pre-landing muscle activity amplitude scales positively with the length of hop (i.e. impact force) [11, 12] . Also like mammals, adult toads appear to be able to rely on vestibular and/or proprioceptive feedback rather than visual information in preparation for landing [12, 13] . Indeed, when presented with conditions in which visual information conflicts with vestibular and/or proprioceptive feedback, toads prioritize the latter information [13] .
The goal of this study is to more directly assess the relationship between visual feedback and landing preparation in the cane toad. Activity from muscles at the stabilizing elbow joint was recorded while toads hopped on a level surface with all senses intact. Each toad then underwent surgery to sever the optic nerve and again hopped on the same level surface. We hypothesized that patterns of tuning would not dramatically change after toads lost visual feedback. This would demonstrate clearly that vision is not necessary for performing safe, coordinated landings across variable hop distances, as in humans and some other mammals studied to date [3, 6, 14] . This work is part of a larger project aimed at understanding the role of each sensory system in toad landing [15] .
Material and methods (a) Animals
Twelve cane toads, Rhinella marina, (mean mass ¼ 158.4.4 + 33.3 g) were used for EMG recordings. Toads were obtained from a commercial supplier and maintained according to Gillis et al. [11] . This experiment was approved by IACUC at Wheaton College.
(b) Electromyography experiments
Elbow stabilizing muscles, the coracoradialis, which flexes the elbow, and the anconeus, which extends the elbow, demonstrate tuned pre-landing EMG activity [11] , and therefore were chosen for use in this experiment. Specifically, the coracoradialis demonstrates tuning of pre-landing muscle activity intensity, whereas the anconeus demonstrates tuning of pre-landing muscle activity onset [11] . Because of these distinctions, each muscle was analysed only for its specific, previously identified, tuning relationship. Toads were anaesthetized and electrodes were implanted according to previously described methods [11] . EMG signals were amplified 1000Â and filtered (high-pass filter (HPF) at 3000 Hz, low-pass filter (LPF) at 100 Hz) by a Model 1700 AmSystem differential AC amplifier and digitized using a National Instruments NI 9205 16-bit A/D converter and saved to a computer.
Following recovery from anaesthesia, a toad was placed in a hopping arena (2 Â 2 m, covered with felt for traction) and encouraged to hop for a minimum of 15 hops of varying length/aerial phase duration. A HiSpec Lite camera captured a lateral view of the hops at 500 fps with a resolution of 1280 Â 1024 pixels. EMG signals and video data were synced with a 5 V trigger that stopped the video recording and appeared on its own channel in the EMG recording. The toad was then anaesthetized again. A small incision was made on the soft palate to access and sever both optic nerves. The palate incision was then sutured closed (6.0 silk). Multiple attempts to blindfold the toads failed, as they would attempt to remove the blindfold and refuse to hop. After recovery (minimum 1 h), the hopping experiment was repeated under this blind condition. At the completion of the experiment, the toad was euthanized through extended, 24 h submersion in anaesthetic solution in a refrigerator and then dissected to confirm electrode placement and optic nerve separation. Eight toads were used in the experimental trials. Sham trials were also performed on four toads, wherein all procedures above were completed except for the severing of the optic nerves.
(c) Data analysis
Videos were analysed to visually determine the times for the onset of movement (first movement of the hop), take-off (hindlimbs off the ground) and touchdown (first touch of forelimbs on the ground) for each hop. Duration of each hop was reported as aerial time and was defined as the time between take-off and touchdown. Aerial phase duration was chosen as an estimate of hop length and thus approximate landing impact force [16] . A custom Matlab-script was used to determine pre-landing EMG intensity and muscle activity onset times, as defined by Gillis & Biewener [16] . Muscle intensity was normalized to the highest recorded pre-landing intensity for each toad. All data were analysed using the statistical software IBM SPSS Statistics 22.0 [17] .
To confirm tuning in the toads, pre-landing EMG intensity and muscle activity onset were each regressed against aerial time for each toad for each condition (sighted, blind, sham; linear regression). A mixed-effects linear model was carried out to determine if the EMG intensity and activity onset times differed for individuals under the different conditions. In the model, individual toad identity was assigned as a random effect, the sensory condition (sighted or blind) was assigned as the fixed effect, or independent variable, and in separate tests, either (i) EMG intensity or (ii) muscle activity onset time was assigned as the dependent variable. Significance for all tests was set to p , 0.05.
Results
Sham surgeries (78 pre-surgery hops, 73 post-surgery hops) had no effect on pre-landing muscle activity patterns ( prelanding intensity values: F 1,147 ¼ 0.27, p ¼ 0.61, pre-surgery coefficient of variation (CV) ¼ 43.3%, post-surgery CV ¼ 43.7%; pre-landing muscle activity onset times: F 1,147 ¼ 0.04, p ¼ 0.84, pre-surgery CV ¼ 39.4%, post-surgery CV ¼ 32.7%; electronic supplemental material). In the experimental trials, we examined 331 hops (table 1; 157 sighted, 174 blind) from eight toads. Coracoradialis and anconeus data were collected from six toads each (255 and 247 hops, respectively), with simultaneous recordings from both muscles in four toads (table 1) .
Sighted toads performed a stereotypical successful hop and landing: forelimbs were extended and protracted after take-off and then used exclusively in landing; hindlimbs began retracting to the body near the peak of the hop and contacted the ground after the forelimbs safely stopped the toad (figure 1a). Without vision, toads continued to produce stereotypical hops (figure 1b).
(a) Pre-landing EMG intensity
All sighted toads demonstrated significant tuning of prelanding EMG intensity in the coracoradialis (Toad1: R 2 ¼ and 2a, white symbols), as has been previously shown [11] . As hop duration increased, so did pre-landing EMG intensity. Blind toads also exhibited pre-landing muscle activity ( figure 1b) ; however, the tuning of amplitude to hop duration was more variable without vision ( figure 2a, grey [11] . Pre-landing muscle activity occurred 100-350 ms after the onset of the hop and 50-150 ms before impact, and began later in longer hops ( figure 2b, white symbols) . The pattern of tuning in blind toads was more variable (blind CV ¼ 33.0%; Toad6:
0.02; NS, p . 0.05 for all, figures 1b and 2b, grey symbols). The onset of pre-landing muscle activity was significantly later (approx. 30 ms) in individual toads after losing vision (F 1,235 ¼ 5.917, p , 0.05).
Discussion
Our results demonstrate that cane toads are capable of landing successfully from hops of varying length after losing vision. Amplitude of pre-landing muscle activity was not significantly different after losing vision, though variability increased (figure 2a). We did not observe precautionary Figure 1 . Representative kinematic sequences and EMG traces for a hop when sighted (a) and blind (b). In both conditions, the hindlimbs push to propel the toad in the air, after which the forelimbs (FL) are extended and protracted in preparation for landing. Upon impact, the forelimbs absorb the landing forces while the rest of the body is safely brought into the recovery landing position. Likewise, EMG traces demonstrate that toads still generally maintain distance-dependent relationships even without visual feedback. (Online version in colour.) muscle activity, such as greater signal amplitudes or earlier muscle activity onset times in blind animals. In fact, muscle activity begins slightly later in the blinded toads (figure 2b). These results, which describe a more variable motor output, are consistent with research in adult mammals that describes a less accurate tuning relationship when vision is removed [1, 3, 10, 18] and suggests the importance of vision in fine-tuning pre-landing muscle activity.
As in human studies [10] , our experiments were performed in an environment with a predictable landing surface. Likewise, the animals may have relied on previously gained visual information and/or on feedback from other sensory systems. The toads would likely not have been as successful in their landings if the landing surface conditions differed in each hop.
We have demonstrated that removing vision does not lead to a loss of coordinated landing in cane toads. Blind animals still perform stereotypical hops, suggesting the likely importance of proprioceptive and/or vestibular feedback for coordinated landing and that the role of vision is most likely in fine-tuning the motor control strategy for landing. This is similar to the patterns we see in mammals and may indicate a common vertebrate strategy in the evolution of landing. However, this reliance on non-visual sensory feedback may have also evolved to compensate for the toads' nocturnality. Data accessibility. Data available from the Dryad Digital Repository:
http://dx.doi.org/10.5061/dryad.j9f075c [19] . 
